In order to estimate the physicochemical changes of silver carp (Hypophthalmichthys molitrix) during 72 h post-mortem process at 0
INTRODUCTION
The important indexes of fish freshness are firmness, juiciness, and flavor, which diminish rapidly as a consequence of biochemical and physicochemical processes during cold storage after death. Endogenous enzymes promote myofibrillar proteolysis and fat hydrolysis, resulting in disorganization of the muscular structure. [1] As a result, there is an increasing interest concerning post-mortem changes during the storage of fish.
The post-mortem process has a significant impact on the tenderness, flavor, and consumer acceptance of the fish. Therefore, the assessment of the degree of post-mortem is important to meet the quality requirements of consumers. In addition, early assessment of fish quality allows optimizing refrigerated storage time to improve fish eating quality. [2] There are numerous studies of post-mortem changes related to fish. [3, 4] Suárez et al. [5] studied the sea bream muscle properties during post-mortem by textural parameters (firmness, water holding capacity [WHC] ), and their relationship between biochemical and electrophoretic determinations. Li et al. [6] evaluated the postmortem changes of yellow grouper fillets under vacuum packaging by physiochemical, sensory, and microbiological methods. However, all these methods of the studies are time-consuming and require highly skilled operators. [7] In the present day, there is a pressing need to develop fast, convenient, and low-cost analytical techniques for monitoring fish quality.
The disruptions of cell membranes by autolytic spoilage, which occurs during post-mortem, change the electric properties of the fish. Therefore, electrical conductivity (EC), measured by the concentration of ions and their mobility, can be used for evaluating fish quality during post-mortem process in a rapid way. EC had been used in analysis and discrimination of beef trimmed in various times after slaughter and subjected to electrical stimulation and freezing process. [8] Yao et al. [9] used EC for evaluating the freshness of crucian carp during different temperatures storage. Zhu et al. [10] used electric conductivity to assess the quality of bighead carp heads during post-mortem and longterm storage at 0 and 3
• C. Barziza and Delbert [11] proposed total body EC for estimating the body composition of several fish species in a non-invasive manner. Niu and Lee [12] used electrochemical impedance spectroscopy method to detect the dielectric parameter of carp (Cyprinidae), herring (Clupea pallasii), and sea bass (Dicentrarchus labrax) during storage. However, information about the EC changes of silver carp during post-mortem process is scarce.
Silver carp is one of the main freshwater fish species, which had the production of 3,713,900 tons in 2011 in China. It is known to be rich in protein and fat compared to other freshwater fish. There are many studies on post-mortem changes related to sea fish and red meat. However, limited information about early post-mortem changes of silver carp is available. The purpose of this article was to evaluate early post-mortem changes of silver carp stored at 0
• C and to establish a rapid method to estimate the degree of the post-mortem and the early quality of silver carp by EC. Moreover, K-value, texture parameters, pH value, L * value, WHC, cooking loss, salt-soluble protein (SSP) and their relationship to EC were analyzed during early post-mortem process.
MATERIALS AND METHODS

Raw Materials
A total of 30 silver carps were purchased from a market in Beijing, and transported alive to the laboratory. After a 24 h fasting period, fresh silver carp were slaughtered, scaled, gutted, and washed in water. The average weight of silver carp was 1380.21 ± 109.12 g and 43.21 ± 3.84 cm. They were packaged and sealed in polythene bags, cooled on ice immediately, and then stored in refrigerated incubators at 0
• C for temperature equalization. Three samples were taken randomly for analysis at each sampling time (0, 2, 4, 8, 12, 24, 36, 48, and 72 h). However, six samples were used for texture profile analysis.
Methods
Adenosine Triphosphate (ATP)-related compounds and K-value
ATP-related compounds were determined as described by Zhang et al. [2] A flesh sample (1 g) was homogenized with 2 mL perchloric acid (10%, w/v) and centrifuged at 1590 × g for 3 min. The residue was extracted with 2 mL cold perchloric acid (5%, w/v). After two serial combinations of centrifuge and 5% perchloric acid extraction, the supernatant was collected and its pH was adjusted to 6.4 using 1 mol/L KOH and 10 mol/L KOH. The white precipitate was added by 5% perchloric acid and centrifuged at 1590 × g for 3 min. All the supernatant was adjusted to 10 mL by the addition of 5% perchloric acid (pH = 6.45). The supernatant was filtered through a 0.22 µm membrane filter, and then the ATP and its related compounds were determined with a HPLC (Shimadzu, LC-10ATseries, Japan) equipped with SPD-10A (V) detector, VP-CDS C18 column (4.6 mm id × 250 mm, 5 µm). The sample (20 µL) was injected at a flow rate of 1.0 mL/min, and the peak was monitored at 254 nm. The amount of ATP and each of its related compounds was determined and calculated based on the standard ATP, adenosine diphosphate (ADP), adenosine monophosphate (AMP), inosine monophosphate (IMP), inosine (HxR), and hypoxanthine (Hx). K-values were defined by the following equation:
Instrumental texture profile analysis
Texture variables (hardness, springiness, chewiness, gumminess, cohesiveness, and resilience) were calculated according to Cardoso. [13] Flesh from the dorsal part of silver carp was cut into pieces with 20 mm × 20 mm × 15 mm. Texture of samples was measured using a texture analyzer (Stable Micro System; TA-XT2i, England) with TPAP/50 cylindrical probe (a load cell of 100 N with the diameter of 36 mm). The flesh was tested at room temperature. The probe was pressed downwards at a constant speed of 1 mm/s from the distance of 25 mm. Preliminary trials established a compression limit of 30% of the original height for samples. The holding time between both compressions was 5 s. The measurement was repeated six times using six different samples by one determination (double compression, 30% of height) in each piece of muscle.
pH value
Muscle pH was determined by using a penetration electrode (Mettler toledo FE20/EL20, Shanghai, China; sensitivity 0.01 pH units) after cutting a lateral incision in the dorsal muscle in order to place the tip of the electrode deep in the muscle. The pH of muscle was recorded for three spots per sample.
The color of samples was determined by using ADCI colorimeter (ADCI-60-C, Beijing Chentaike Instrument Technology Co., Ltd., Beijing, China). L * value was measured. The color of muscle was recorded for three spots per sample.
Cooking loss
Flesh from the dorsal part of fish was cut into pieces by 20 mm × 20 mm × 15 mm, individually placed and sealed in plastic bags and cooked by immersion in a water bath at 85
• C for 15 min. After cooking, the samples were cooled to room temperature and then blotted dry. Pieces were weighed before and after cooking to measure cooking loss using the following equation (The flesh was weighed at room temperature):
Cooking loss(%) = (weight of uncooked flesh − weight of cooked flesh)/ (weight of uncooked flesh) × 100 WHC A fish sample (2 g) was placed in a centrifuge tube which contained tissue paper to absorb water. The tube was then centrifuged at 1590 × g for 10 min. Samples were weighed after centrifugation (The initial water content of fish muscle had been determined gravimetrically after drying at 105
• C for 16 h). The WHC was calculated using the following equation:
WHC(%) = (the initial water content-released water content)/(the initial water content) × 100 SSP SSP was extracted according to the method described by Nguyen, et al. [14, 15] with some modifications. A flesh sample (2 g) was homogenized with 20 mL of 0.05 M NaCl Tris-maleate (pH 7.0) for 20 s. The homogenate was centrifuged twice at 4
• C for 10 min at 11,000 × g by using a centrifuge (Model TGL-16A, China). The precipitate was collected and 20 mL 0.6 M NaCl Tris-maleate (pH = 7.0) added before further centrifugation (11,000 × g, 10 min). The final supernatant was SSP. Protein concentration of the supernatants was determined by using the method of Biuret method.
EC
A flesh sample (10 g) was homogenized for 30 min in 100 mL of distilled water, and then the mixture was filtered. EC value of filtrate was measured with a digital conductometer (Mettler Toledo FE20/EL20, Shanghai, China).
Statistical Analysis
All experiments were run in triplicate, except for texture profile analysis performed with six replications. Data were subjected to analysis of variance (ANOVA) and comparison of means was conducted by the least significant difference (LSD) procedure using the SAS V8.0 software (SAS Institute, Cary, NC, USA). The threshold level for significance was defined as P < 0.05. The regression correlation coefficients were also calculated.
RESULTS AND DISCUSSION
Changes in ATP-Related Compounds Early Post-Mortem Time
The changes of ATP-related compounds in silver carp stored at 0
• C for 72 h are shown in Fig 1 . The initial ATP concentration of silver carp was 9.98 µmol/g. The maximum in ATP concentration occurred at 2 h after death due to the nucleotide regeneration following the degradation of creatine phosphate prior to ATP breakdown. [16] After 2 h, ATP content fell (P < 0.05) sharply during 48 h storage. ADP content decreased (P > 0.05) gradually during post-mortem process. AMP content decreased (P < 0.05) sharply within the first 8 h post-mortem by a steady increase over the period studied.
The initial IMP concentration was 2.01 µmol/g, which was lower than the concentration (5.4 µmol/g) reported in yellow grouper stored at 0
• C. [6] The highest IMP content (8.76 µmol/g) was detected at 48 h post-mortem, while a lower concentration (7.05 µmol/g) was measured 24 h later. The rapid formation of IMP in silver carp indicated a rapid degradation of ATP to IMP, which corresponds to the data reported in cazon fish muscle by Ocaño-Higuera et al. [17] IMP is a flavor enhancer of fish muscle [18] and disappearance of IMP has been correlated with the loss of flavor and freshness in some fish species. [19] Therefore, the accumulation of IMP contributed to the fresh pleasant flavor of the meat.
The HxR and Hx content gradually increased during the 72 h post-mortem period from 0.33 µmol/g to 0.83 µmol/g and from 0.04 µmol/g to 0.14 µmol/g, respectively. IMP was slowly degraded to HxR and then to Hx, which contributed to the progressive loss of fish desirable fresh flavor. [18] The change of K-value in silver carp during 72 h storage at 0 • C is shown in Fig. 2 . K-value increased slightly during the first 24 h post-mortem, and then reached 8.18% at 72 h post-mortem indicating a slow degradation from IMP to Hx during early post-mortem process. The initial K-value of silver carp was 1.51%. Other researchers observed higher initial K-value in black skipjack, [19] because of the different contents of nucleotides between marine and freshwater fish.
Change in Texture Parameters Early Post-Mortem Time
The changes of textual parameters in silver carp are shown in Table 1 . Hardness, gumminess, and resilience increased significantly (P < 0.05) at 2 h post-mortem, but hardness and gumminess reverted to the initial state or close to only 6 h later. The decrease in hardness, chewiness, and gumminess of silver carp during post-mortem process might be caused by the proteolytic digestion of minor cell components that link the major structural units together as indicated by the decrease in SSP (Table 2 ) during storage. A significant decrease (P < 0.05) in springiness, gumminess, and resilience was then observed 48 h post-mortem but after 72 h for cohesiveness, indicating muscle relaxation or loosening. Changes in the microstructure of fish muscle have been related to the postmortem tenderization and liquid-holding capacity of fish muscle. [1] Resilience was significantly lower than the initial value from 48 h. It indicated the significant changes in the elasticity and viscosity of fish sample during the 72 h post-mortem. However, after 12 h post-mortem, resilience decreased significantly (P < 0.05) during post-mortem process, which reflected the decreasing recoverable energy ratio with increasing storage time.
Change in pH Value, L * Value, WHC, Cooking Loss and SSP Within Post-Mortem Time Table 2 shows the changes of pH value, L * value, WHC, cooking loss, and SSP during post-mortem process. The initial pH value of silver carp was 6.87. A significant decrease (P < 0.05) in muscle pH at 12 h (6.46) was observed, followed by the gradual increase to 6.57 at 72 h. The L * value showed significant (P < 0.05) decrease from 51.39 at 0 h to 45.77 at 72 h during post-mortem process. Li et al. [6] suggested similar results on yellow grouper fillets stored at 0 • C. During the handling and storage of fish, some biochemical and physical changes result in discoloration. Chaijan et al. [20] demonstrated that the color loss of fish muscle was mainly attributed to oxidation of myoglobin and the reduced extractability of pigments.
The WHC of the fish muscle is of great importance so as to define the commercial value and consumer acceptance, as it is an accurate indicator of the juiciness of fish. [21] An increase of WHC was observed during the first 4 h at 0
• C, and then decreased from 67.27% at 4 h to 49.42% at 72 h. According to Nguyen et al., [22] the decreased WHC was probably due to the water loss from muscle fiber driven by protein denaturation. The result also indicated that the change of WHC within postmortem process was in accordance with the change of texture parameters ( Table 1) . Because of high toughness and juiciness, it was better to eat and process silver carp within 4 h post-mortem after slaughter. No significant difference (P > 0.05) was found in cooking loss before the first 12 h, it varied from 21.23 to 23.12%. After 12 h, cooking loss increased significantly from 23.12% at 12 h to 27.31% at 72 h.
A significant (P < 0.05) decrease for SSP was observed during the post-mortem period at 0 • C, which decreased from 95.24% at 0 h to 71.91% at 72 h. It could be due to the denaturation of Different superscript letters (a-c) in the same row indicate significant differences (P < 0.05).
protein by the interaction of free fatty acid with SSP and lower solubility of proteins. [23, 24] The changes detected in WHC during storage could be explained by the changes of SPP. [1, 21] Changes in EC Early Post-Mortem Time EC can be used to determine body-fluid balance and meat quality due to the muscle tissues getting too decomposed and fluids flowing out during storage. The initial EC value was 980.00 µs/cm (Fig.  3) , and similar result (891 µs/cm) was indicated by Yao et al. [9] EC rose in silver carp within 72 h after slaughter. It could be due to the increase in membrane permeability facilitates the movements of ions, thereby increasing the conductivity of samples during rigor mortis process. [25] According to Ekanem and Achinewhu, [26] EC also had direct impact on the tenderness, color, and water-holding capacity. Therefore, the increase of EC in fish samples had some effect on the changes of tenderness, color, and WHC in silver carp.
Relationship Between EC and K-Value, Texture Parameter, L * Value, WHC, Cooking Loss, and SSP
The linear correlation between EC and K-value, texture parameters, L * value, WHC, cooking loss, and SSP were obtained, as shown in Table 3 . A large variation in the biochemical process was observed during rigor period. [21] The progressive denaturation and hydrolysis of myofibrillar proteins had a negative effect on the toughness of post-mortem fish. Therefore, rigor mortis process affected the texture such as hardness, gumminess, springiness, cohesiveness and resilience (Table 1) . In addition, post-mortem process led to the change of ATP-related compounds which are known to influence the taste (Fig. 1) . Post-mortem of silver carp produced a marked decrease in L * value and SSP. Cooking loss and WHC were also influenced during post-mortem process (Table 2 ). In the equations (Table 3) , the increase in K-value and cooking loss were in agreement with the change of EC, being positively correlated; EC had negative correlations with hardness, chewiness, gumminess, springiness, cohesiveness, resilience, L * value, WHC, and SSP. From Table 3 , there was a high correlation (P < 0.01) between EC and K-value, texture parameters (except hardness), L * value, WHC, cooking loss, and SSP at 4, 8, 12, 24, 36, 48 , and 72 h post-mortem. The higher correlation coefficients were found between EC (r = 0.9109; r = 0.9047; r = 0.9543; P < 0.01) with K-value, springiness, and resilience, respectively. The results demonstrated that EC could evaluate the post-mortem changes in silver carp during 4-72 h. CONCLUSION ATP concentration and texture parameters reached the highest measured values at 2 h post-mortem and highest WHC occurred at 4 h after slaughter, which indicated that it was better to consume and process silver carp in 2-4 h post-mortem after slaughter. The high correlations were observed between EC and K-value, texture parameters, L * value, WHC, cooking loss, and SSP of silver carp after 4 h post-mortem process. EC could be used as a rapid indicator for assessing the degree of post-mortem and quality of silver carp stored at 0
• C during 4-72 h.
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